Host cell invasion is essential for the pathogenicity of the obligate intracellular protozoan parasite Toxoplasma gondii. In the present study, we evaluated the ability of T. gondii tachyzoites to trigger phosphorylation of the different mitogen-activated protein kinases (MAPK| in human monocytic cells THP1. Kinetic experiments show that the peak of extracellular-signal-regulated kinase (ERK 1/2], P38 and cjun-NH 2 terminal kinase (JNKs) phosphorylation occurs between 10 and 60 min. The use of specific inhibitors of ERK1/2, P38 and JNK1/2 phosphorylation indicates the specificity of MAPKs phosphorylation during invasion. Signaling through cellular and parasite mitogen-activated protein (MAP) kinase pathways appears to be critical for T. gondii invasion. 
Tgondii,
the etiologic agent of toxoplasmosis is an ubiquitous protozoan parasite. Infection is generally asymptomatic, but congenital toxoplasmosis can have serious consequences and the disease can be life-threatening in immunocompromised patients. As an obligate intracellular parasite, T. gondii invades host cell by an active process. Macrophages play a key role in directing the host immune response to infection. Recruitment and stimulation of macrophages by cytokine and/or microbial products such as LPS result in the induction and release of several key immune effector molecules. They play a crucial role in the development of immunity against a number of intracellular pathogens including Toxo-plasma gondii (Denkers & Gazzinelli, 1998) . The mechanism by which T. gondii initially stimulates macrophages remains unknown. Recent studies indicate that different protozoan products [glycosylphosphatidylinositol (GPI) of Trypanosoma cruzi, Plasmodium falciparum and Trypanosoma brucei (Ropert et al., 2001; Schofield & Hackett, 1993; Tachado & Schofield, 1994) ; lipophosphoglycan (LPG) of Leishmania sp or soluble antigen extract of T. gondii tachyzoites (Li et al., 1994) ] have an essential role in triggering various macrophage functions, similar to the importance of LPS in infection with Gram negative bacteria (Ropert & Gazzinelli, 2000) . LPS has been reported to stimulate signal transduction through the MAPKs (Weinstein et al., 1992) . Belonging to the serine/threonine protein kinase family, MAP Kinases contribute to induce nuclear responses (Davis, 1993) . The three main MAP kinases are extracellular-signal-regulated kinase (ERK), P38 and cJun-NH2-terminal kinase (JNK). These signaling pathways are important in protozoan such as Leishmania (Becker & Jaffe, 1997), Plasmodium or Theileria (Shaw, 1996) .
We previously described a new effector mechanism of interferon gamma (IFN-y), the major cytokine of host resistance to T. gondii infection, mediated by phospholipase A 2 (PLA 2 ) (Gomez- Marin et al., 1996) . PLA 2 Parasite, 2003, 10, 59-64
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being a substrate for MAP kinases, we also observed a rise in the MAP kinase activity of infected THP1 cells, and showed that T. gondii possessed MAP kinase acti vity (Gomez-Marin et al., 1996) . In this study, we com pared the kinetics of phosphorylation of the different members of the MAPK family. We show that T. gondii tachyzoites stimulate, with differential kinetics, the activation of ERK, P38 and JNK in THP1 human mono cytic cells. The availability of specific inhibitors, allowed us to address the specificity of these activa tion during T. gondii invasion.
MATERIALS AND METHODS

IN VITRO INFECTION MODEL
T gondii tachyzoites of the virulent, non cystforming RH strain were maintained by inoculation in the peritoneal cavity of female Swiss mice. Seventy-two hours after inoculation, tachyzoites were recovered by washing the peritoneal cavity with 5 ml of 0.9 % saline, penicillin 100 U/ml (Pharmacia, Figures 1-2-3 , tachyzoite infection leads to an earlier activation (five minutes) of the three MAP Kinase (ERKs, JNKs and P38). We observed that this effect was maxi mal at 60 minutes with ERKs (more important for ERK2) (Fig. 1) and P38 (Fig. 2) . Both JNK isoforms were weakly activated with a maximum at 10 minutes (JNK1) and a decrease toward basal level after 60 minutes (Fig. 3) . These results show that invasion by T. gondii stimulates all three MAPKs in human monocytic THPI cells.
SPECIFIC EFFECT OF MAPK INHIBITORS ON ERK1/ERK2, P38 AND JNK1/JNK2 PHOSPHORYLATION
We determined the blocking effect of the specific inhi bitors PD 098059, SB 202190 and SB 203580 on the three MAPKs activation in human monocytic cells acti vated by T. gondii. Host cell MAPKs activation in pre sence of viable T. gondii tachyzoites was detected in the total protein extract at 30 minutes (JNKs) or one hour (ERKs and P38) by Western blotting. We demons trated that the three inhibitors prevent activation of host cell MAPKs during parasite infection (Fig. 4) . Using spe cific inhibitors allowed us to address the specificity of these activations during T. gondii invasion.
DISCUSSION
W hile the different morphological steps of T. gondii invasion into host cells (recogni tion, attachment and internalization) are now well studied, the molecular mechanisms are still poorly described. Our present data have shown that cellular MAP Kinases (ERKs. P38, JNKs) are activated during the parasite invasion. Previous reports have shown that soluble antigen extract of T. gondii tachyzoites induced a pattern of protein-tyrosine phosphorylation similar to those with LPS (Li et al., 1994) and that protein tyro sine phosphorylation and dephosphorylation are intra cellular signaling mechanisms by which LPS can mediate some responses in macrophages (Weinstein et al, 199. 3). Our findings correlate recent studies (RobertGangneux et al, 2000; Roisin et al. 2000) , which also detected MAP kinase activity in T. gondii and charac- terized three MAP kinases in T. gondii lysates. Their molecular weights are respectively 47 kDa and 43 kDa (which were putatively identified as ERK1 and ERK2 homologs) and 80 kDa. Our studies support the impor tance of phosphorylation in the activation of signaling pathways in this parasite.
We demonstrated the ability of T. gondii tachyzoites to trigger phosphorylation of ERKf/2, P38 as JNK1/2 in human monocytic cells. All three classes of MAPKs are simultaneously activated by tachyzoites in THP1 cells with a maximum activation at 10 minutes (JNK) or 60 minutes (ERKs, P38) postcontact. However, the individual subtypes exhibit differential kinetics of acti vation in response to parasite. For example, while the activation of JNK1 and JNK2 rapidly decreases after 60 minutes, tachyzoite stimulation of ERK1/2 or P38 acti vation is longer sustained. We also demonstrated that the three inhibitors prevent activation of host cell MAPKs during parasite infection, showing the specifi city of MAPKs phosphorylation during T. gondii inva sion.
We haved showed that activation of both cellular and parasitic MAP kinases was essential for parasite inva sion into monocytic cell f998) .
With other host cells model (murine fibroblastic cell line NIH-3T3), Robert-Gangneux et al. (2000) demons trated that treatments with several compounds as PD 098059 led to a reduced tachyzoite invasion. MAP kinases phosphorylation linked to tachyzoite pene tration or simple parasite-host cell contact, could trigger the PLA2 activation cascade in the host cell. This activation pathway, previously described in Sal monella typhimurium (Pace et al, 1993) , is very rapid. Moreover, our study of the kinetics of host cell MAP kinases demonstrated early activation (within five minutes) of ERKs and JNKs, in the presence of the parasite.
In other protozoan parasites, the importance of MAP kinases was recently emphasized. Thus, in Leishmania mexicana, a MAP kinase homologue (LMPK) has been described as necessary for the survival and develop ment of the parasite within host cells, and involved in morphological differentiation during promastigoteamastigote transformation (Wiese, 1998) . Leishmania lipophosphoglycans, which promote parasite survival, act by stimulating ERK MAPKs to inhibit macrophage IL-12 production (Feng et al, 1999) . In Plasmodium falciparum (Doerig et al, 1996) , a MAP kinase desi gnated as Pf MAP has been characterized. Moreover, protein phosphorylation in Plasmodium knowlesi merozoites played an important role in their internalization into the erythrocytes (Ward et al, 1994) . The modu lation of host cell protein kinase C activity has been observed in a number of parasitic infections, including Leishmania donovani (Descoteaux et al, 1992) , Plas modium falciparum (Hall et al, 1997) and Toxoplasma gondii (Grunvald et al, 1996) . Our results imply the participation of the three studied MAP kinase pathways, ERKs, P38 and JNKs. The invol vement of these three signaling pathways has been pre viously described in bacteria infection such as Salmo nella typhimurium (Hobbie et al, 1997) and Listeria monocytogenes (Tang et al, 1998) . There is growing evidence that modulation of host cell MAPK pathways during infection process may be part of opposed viru lence strategies used by several pathogens. Thus, Leish mania donovani evade the activation of P38, JNK and ERK1/2 during infection of naive macrophages (Prive & Descoteaux, 2000) . With Listeria monocytogenes (Tang et al, 1998) , the induction of MAPK pathways may be required for uptake by host epithelial cells. For Salmonella typhimurium, the activation of MAPK path ways may contribute to the acute inflammatory res ponses induced (Hobbie et al, 1997) . In this study, we showed the kinetic of activation of THP1 cell MAPKs pathways by T. gondii tachyzoites. We demonstrated the ability of T. gondii to trigger an early and specific phosphorylation of cellular ERKs, P38 and JNKs.
